a direct driver of disease or as being potentially involved in its exacerbation. This review presents a comprehensive discussion of the current understanding of bacterial, fungal, and viral associations with CRS, with a specific focus on the transition to the new perspective offered in recent years by modern technology in microbiological research. Clinical implications of this new perspective, including the role of antimicrobials, are discussed in depth. While principally framed within the context of CRS, this discussion also provides an analogue for reframing our understanding of many similarly complex and poorly understood chronic inflammatory diseases for which roles of microbes have been suggested but specific mechanisms of disease remain unclear. Finally, further technological advancements on the horizon, and current pressing questions for CRS microbiological research, are considered.
INTRODUCTION R
hinosinusitis is a heterogeneous group of diseases affecting 5 to 15% of people (1) (2) (3) . It is characterized by inflammation of the nasal and sinus mucosa (2, 4) and may include nasal congestion or discharge, facial pain or pressure, loss of the sense of smell, polyposis, mucopurulent discharge, and edema or obstruction of the sinuses and nasal cavity (2, 5) . While acute rhinosinusitis (ARS) and subacute rhinosinusitis involve the resolution of symptoms within 4 and 12 weeks, respectively, progression to chronic rhinosinusitis (CRS), characterized by symptoms persisting for longer than 12 weeks, occurs in up to 5% of the general population (2, (5) (6) (7) . CRS is a debilitating condition, with effects on quality of life being equal to or greater than those with chronic bronchitis, asthma, peptic ulcer disease, chronic obstructive pulmonary disease, congestive heart failure, and angina (2, (8) (9) (10) . In addition to the physical burden on the individual, the annual economic burden of CRS is enormous (estimated to be $8.6 billion in health care costs in the United States) (6, 11, 12) .
Despite considerable research, the etiology of CRS remains poorly understood. A diverse range of factors have been investigated as potential causative agents, including infectious agents; aberrant inflammatory patterns; anatomic variations affecting the ostiomeatal complex (such as nasal septal deviation and concha bullosa) or sinonasal drainage abnormalities caused by aberrant frontal sinus cells; genetics underlying the innate immune system, such as epithelial barrier integrity and mucociliary clearance; and acquired disorders such as secondary ciliary dyskinesia, hypersensitivities associated with asthma, hormonal imbalance, autoimmune disorders, and immunodeficiency (5, 7, 13, 14) . Early research on CRS was principally based on an infection model of disease, with a focus on identifying a pathogenic microbial driver of the inflammatory response. Viruses, fungi, and bacteria have each been considered potentially central to the development of CRS. In recent years, however, an infection-based model of CRS has largely given way to an inflammation-based model, with the general focus shifting from possible causative pathogens to immunological factors that might underlie the disease process. Limited specific findings, together with a wealth of contradictions in the research to date, have led some to conclude that CRS may not be related to specific microbial taxa (or even microbial communities) (7, 15) but rather that CRS is a purely immune-mediated disease in which microbial involvement may be limited to causing exacerbations. Nonetheless, interest in the microbiology of CRS continues to increase (Fig. 1) , and recent technological advances are now enabling new light to be shed on the unresolved role of microbes in CRS. These advances have facilitated a shift in the perspective of microbial pathogenesis from the effects of single organisms to more complex models allowing for interacting effects of both microbial communities and the environment which they inhabit, in this case the host tissues of the sinonasal tract.
While the discussion here is limited to the context of CRS, this new perspective is equally applicable to the disease processes of a number of complex chronic inflammatory mucosal diseases irrespective of a relation to CRS. At present, the list of disorders in which mucosal inflammation and degradation may play a role is rapidly expanding and includes such varied disorders as inflammatory bowel disease, type 2 diabetes, cardiac diseases, and autism (16, 17) . In many of these cases, a role of microbes has been hypothesized, but as in CRS, specific associations remain unclear.
Until recently, reviews of the microbiology of CRS were limited largely to culturebased data. However, the complex picture offered by sequencing-era studies is now receiving increased attention (18) (19) (20) . Here we present a comprehensive review of the current understanding of bacterial, fungal, and viral associations with CRS together with a detailed summary of the potential mechanisms of action driving the inflammatory process in CRS. We present this review with a specific focus on the transition to the new perspective offered in recent years by modern technology in microbiological research. Importantly, this recent shift in perspective will have far-reaching implications for both the understanding and clinical management of many chronic inflammatory diseases. Clinical implications of this new perspective are discussed. Finally, future directions, including new technological advancements and current pressing questions for research into the role of microbes in CRS, are considered. This review specifically aims to further the understanding of CRS and focus research going forward but also provides a new perspective for approaches to clinical management of the microbiology of diseases like CRS.
BACTERIA The Culture-Based Perspective
As recently as 2009, healthy sinuses were still viewed by some to be predominantly sterile (21) . Culture results from the nasal cavity included species of the genera Corynebacterium, Staphylococcus (in particular S. epidermidis), and Rhodococcus (22, 23) . Pathogenicity was attributed largely to the detection of common known potential pathogens such as Staphylococcus aureus, Haemophilus influenzae, and Pseudomonas aeruginosa. However, more recent studies have questioned the role of these putative pathogens. Recent clinical culture-based studies have extended the view of the sinonasal tract in both healthy and disease states to include S. aureus, coagulase-negative staphylococci, Propionibacterium acnes, Corynebacterium diphtheriae and other Corynebacterium spp., Streptococcus viridans, Streptococcus pneumoniae, Streptococcus milleri, Haemophilus spp., Escherichia coli, and Pseudomonas aeruginosa and other Pseudomonas spp. (24, 25) . Highlighting the limitations of routine culture assessment of the resident sinonasal microbial communities, a more intensive culture-based study recently identified 4-to 5-fold more bacterial species per individual than those identified by standard clinical culture methods (26 (26) .
Much of the research into the microbiology of CRS has focused on identifying and isolating candidate microbial species for pathogenicity related to the development or exacerbation of the condition. These culture-based studies have yielded much information about the potential roles of individual organisms and the causative mechanisms that they may initiate within the host. However, the clinical relevance of these organisms within the context of the polymicrobial communities of the sinonasal mucosa, many members of which are recalcitrant to standard culture efforts, remains unclear, and such an approach may be a constrained representation of the in vivo processes involved in disease. Standard culture approaches offer only a limited range of defined conditions for microbial growth and thus oftentimes omit taxa that require alternative or more niche conditions, such as slower-growing organisms that are outcompeted for a limited range of nutrient sources or those that depend upon cooperation to survive in vivo (such as cross-feeding relationships). The disparity between the identification of microbes by culture and those (viable but nonculturable or difficult to culture) identified by molecular methods has been termed "the great plate count anomaly," with estimates of the nonculturable portion of microbial communities ranging between 25% and 99% (27, 28) . Culture-independent sequencing-based studies regularly identify up to an order of magnitude more distinct taxa per individual (24, 29, 30) . In direct comparisons between results of culture and sequencing approaches, the dominant bacteria identified in most patients by sequencing were identified by culture only approximately half of the time. Of those taxa present at a relative sequence abundance of Ͻ1%, only about 5% were also identified by culture (24) , revealing the extent of information on lower-abundance taxa missed by standard clinical culturing. Nextgeneration sequencing-based studies of both healthy and CRS-associated microbiota provide a new perspective, and only now is the complexity of human-associated microbial communities becoming more fully appreciated (Fig. 2) .
The Sequencing Era
Modern culture-independent (molecular) techniques have vastly improved our understanding of the complex microbial communities associated with the human body. Recent technological advances in next-generation sequencing allow the cost-effective assessment of microbial communities (microbiota) from complex environmental samples without the need for prior culturing of organisms. Specifically, targeted sequencing of taxonomically informative regions of the genome (such as the 16S rRNA gene and internal transcribed spacer regions) can enable the reliable identification of the majority of bacteria and fungi down to the taxonomic resolution of genus.
Complex, and often relatively comparable, microbial communities have been identified in healthy and diseased sinonasal mucosae by molecular techniques. Various Corynebacterium spp., Staphylococcus spp. (including, among others, both S. epidermidis and S. aureus), as well as Propionibacterium spp. have been identified as typical constituents of the sinonasal microbiota. Other regular, albeit less common, bacterial community members include species within the genera Anaerococcus, Streptococcus, Pseudomonas, Haemophilus, Moraxella, Peptoniphilus, Dolosigranulum, Finegoldia, Lactobacillus, Stenotrophomonas, Prevotella, Clostridium, Ralstonia, Veillonella, Neisseria, and Klebsiella, with up to 20 or 30 distinct genera commonly being identified within any given individual (24, (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . Furthermore, a number of particular species commonly viewed as being pathogenic, including P. aeruginosa and Haemophilus spp., have been observed in both healthy and CRS subjects.
Given the complexities of both the definition of CRS (4, 13) and the extent of natural interpatient microbiota variability (40) , larger numbers of patients need to be studied. Until recently, most studies involved a limited number of subjects; however, largercohort community sequencing-based studies are finally beginning to emerge, with one recent study including 101 cases (41) . The presence of purulent secretions, asthma, and a history of smoking has each been associated with the enrichment or depletion of certain taxa within the community (29, 41) . In both healthy and CRS subjects, a history of smoking is also associated with reduced diversity of the bacterial community (41) . Less bacterial diversity is also a feature of CRS-associated bacterial communities generally (34, 40) and is associated with postoperative outcomes (29) ; however, the nature of the relationship between less bacterial community diversity and pathophysiology of CRS remains unclear, as does the direction of the effect between these two observed phenomena. Interestingly, none of the other patient variables considered in these studies, including patient age, allergies, diabetes, ethnicity, gender, polyposis, antibiotic usage in the 6 months prior to surgery, saline washing routines, intranasal steroid use, and previous surgery, were associated with observed changes in bacterial communities in this cohort (29) . Given the high degree of intersubject variability seen in both healthy and CRS individuals, numbers of patients in each substratified group may yet remain underpowered to detect subtle differences, and thus, further investigation is warranted. Notably, a history of smoking appears to have a stronger association with effects on the bacterial community in healthy subjects than in CRS subjects (41) . While these results are yet to directly implicate smoking in the CRS disease process itself, smoking may be an additional exacerbating factor in driving aberrant microbiota changes that are commonly seen in CRS.
Even though these larger-cohort studies are beginning to garner important insights into clinical associations with changes in the microbiota, they also highlight the inadequacy of many studies in discerning subtle associations due to an insufficient study cohort size. Recent studies by Ramakrishnan and colleagues (29, 41) highlight this particularly well: in an initial cohort of 56 CRS and 26 control subjects, no association between the microbiota and patient smoking history was found (29) . A subsequent follow-up study that included an additional 14 CRS and 5 healthy control subjects to bolster statistical power (bringing the total to 70 CRS subjects and 31 controls, respectively) found an association between microbiota differences and a history of smoking (41) . Of note, this study involved the largest cohort for sequencing-based studies of CRS thus far. The difference in the patterns of association with smoking seen here indicate that many studies of CRS likely remain underpowered to discern genuine patterns of association between clinical parameters and the microbiota, from the noise of the high interpatient microbiota variability seen even in healthy controls.
While the composition of the microbiota in healthy controls and CRS patients is increasingly well described, the role of the microbiota in the pathogenesis of CRS remains unclear. In part, this is likely on account of the substantial technical variation in the methodological approaches employed by different studies: differences in sampling sites and techniques, target gene regions, sequencing platforms, bioinformatics pipelines, and taxonomic assignment databases can render meaningful comparisons difficult and may obscure overall trends. This is further compounded by difficulties in the definition of CRS itself, which is a heterogeneous group of conditions that share symptomatic expression but not necessarily underlying causative factors (Fig. 3) (2, 4, 7, 13, (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) . This is particularly evident when we consider the range of comorbidities and complications associated with CRS, including polyposis, asthma, allergy, immunodeficiency, primary and secondary ciliary dyskinesia, gastroesophageal reflux disease, cystic fibrosis, aspirin hypersensitivity, and dental disease (2, 7, 13) . If these associated comorbidities reflect the heterogeneity of the etiology of CRS, diagnosis of CRS subtypes may have important treatment implications. Furthermore, genuine patterns associated with each disease type may have been obscured by the inclusion of subtypes that involve distinct etiologies. An overview of subclassification schemas for delineating possible subtypes of CRS is provided in Table 1 .
Role of Bacteria in CRS
In spite of the more complete view emerging of the sinonasal microbiota, there remains a relative paucity of comprehensive microbiological studies of CRS, and to date, there is no real consensus on the microbial ecology associated with this disease. Changes in S. aureus abundance or activity, a decreased abundance Prevotella spp., an increased abundance C. accolens, less microbial diversity, and an increased abundance of microbes have all been suggested to be associated with CRS, with little consensus between individual studies (33-35, 40, 54, 55) . Below, we present various hypotheses that have been considered for potential roles of bacteria or bacterial assemblages in the etiology or exacerbation of CRS. For the purposes of introduction, each of the sections below is considered in relative isolation; however, the reality is much more complex. Each hypothesis and mechanism of action are not mutually exclusive and are likely interlinked and interactive, representing the multiple layers of changes in the microbiota that are associated with differences between healthy and disease states. Single-pathogen hypothesis. Much research has focused on the possible role of S. aureus in the etiology of CRS. However, recent studies have not identified a significant difference between subjects with CRS and controls in S. aureus carriage, the presence of known S. aureus exotoxins (SAEs), or correlations with inflammatory cells (56, 57) .
While rates of S. aureus identification are comparable in healthy controls and CRS patients (ϳ30% to 40% [56, 58] ), alterations in the virulence and activity of S. aureus remain possible etiological or exacerbating factors in the subset of CRS patients colonized by S. aureus. The main mechanisms by which S. aureus can influence inflammatory disease include the release of exotoxins that degrade epithelial barrier integrity or drive inflammation via superantigenic activation of lymphocytes (59, 60) and anti-inflammatory activity (including affecting complement, antimicrobial peptide production, and adhesion and chemotactic processes) (61) . Exposure of cultured epithelial and polyp cells to either S. aureus or its secretory proteins can induce apoptosis and alter cytokine signaling and nitric oxide production (an important endogenous antimicrobial) in mucosal tissue from both healthy and CRS subjects (62) (63) (64) . These mechanisms offer potential S. aureus-mediated immune-modulating roles, together with several viable mechanisms for the mucosal inflammation and epithelial cell damage seen in diseases such as CRS. Elsewhere, S. aureus delta-toxin production has been found to induce mast cell degranulation, suggesting another possible mechanistic link between S. aureus and allergic inflammatory disease (65) . Direct evidence of S. aureus promoting CRS via these mechanisms remains to be identified. In one recent study, changes in the abundances of S. aureus, Prevotella spp., and C. accolens and increased abundances of microbes overall were not associated with CRS. Rather, the increased abundance of a single species, C. tuberculostearicum, was found to correlate with the severity of CRS and also with a relative decrease in the abundance of Lactobacillus spp. (34) . This finding was reinforced with data from a murine model in which C. tuberculostearicum inoculation resulted in the development of CRS-like symptoms, while coinoculation of Lactobacillus sakei mitigated this effect. However, subsequent studies have failed to replicate the observed negative correlation between Corynebacterium and Lactobacillus spp.
Intramucosal bacteria. S. aureus has a remarkable ability to live within epithelial cells or submucosally in the interstitium while evading the host immune response (66) (67) (68) (69) (70) . Submucosal S. aureus has been identified in 40% to 75% of all CRS subjects, compared to 0% to 12.5% of control subjects (68) (69) (70) , and is particularly prevalent in subjects with aspirin-exacerbated respiratory disease-related CRS (66) . In one study, intracellular S. aureus induced interleukin-6 (IL-6) production in nasal epithelial cells in vitro (67) . An alternative ex vivo study of CRS subjects, however, found that submucosal S. aureus elicited no immune reaction at all (69), supporting a pathogen immune evasion hypothesis. Identification of submucosal S. aureus in CRS subjects has been significantly associated with an increased risk of relapse of disease following surgical intervention (70) .
The specific etiology of the increased abundance of intramucosal S. aureus in CRS and the role that it might play in the disease process (or, indeed, whether it plays a direct role or is merely a bystander) remains unclear. Loss of epithelial barrier integrity is a hallmark of CRS and thus may provide an opportunity for intramucosal invasion. Furthermore, S. aureus has been shown to bind to Candida albicans hyphae in vitro, with epithelial invasion by C. albicans enabling coinvasion by S. aureus (71, 72) ; however, a clear association or role for either S. aureus or C. albicans in CRS remains to be seen. One mechanism by which S. aureus might achieve submucosal immune evasion is through phenotype switching to metabolically less active small-colony variants (SCVs). Submucosal or intracellular SCVs could act as a reservoir for S. aureus, evading the host immune response and antimicrobial efforts, enabling a seed bank of putative pathogens, and potentially explaining the recalcitrance of CRS to antibiotic treatment. S. aureus bacteria from experimentally infected airway epithelial cell cultures exhibit decreased enterotoxin secretion and alterations of phenotypes and growth patterns (73) . However, in a recent study, no association between S. aureus SCVs and CRS was found, with comparable rates of both S. aureus and S. aureus SCVs in CRS and control subjects. Furthermore, putative S. aureus SCVs were later identified via 16S rRNA gene sequencing to in fact be bacterial taxa that were unrelated to Staphylococcus altogether (74), calling into question both the general role of S. aureus in CRS pathogenesis as well as the specific role of S. aureus SCVs. Submucosal bacteria have been found at comparable rates across all patient groups assessed, including controls and subjects with CRS without nasal polyps (CRSsNP), subjects with CRS with nasal polyps (CRSwNP), and CRS subjects with underlying cystic fibrosis (75) . Accordingly, the pathogenic role of intramucosal bacteria is far from clear.
Cooccurrence of bacteria. The cooccurrence of particular bacterial taxa of interest in a range of human mucosal inflammatory conditions, including CRS, has received growing attention. A comprehensive analysis of bacterial networks within the Human Microbiome Project data set identified 3,005 significant cooccurrence and coexclusion relationships (76) . Metabolic modeling also identified a plethora of interspecies metabolic exchanges that can shape and maintain interdependent relationships between particular microbes (77) . In CRS, S. aureus, for example, is most frequently associated with S. epidermidis and P. acnes (26, 37) . Alternatively, in a predominantly sequencing-based study coupled with follow-up coculture experiments, C. accolens and S. aureus mutually facilitated the growth of each other, while Corynebacterium pseudodiphtheriticum and S. aureus were mutually inhibitory (37) . A recent landmark study that moved beyond observational patterns alone and investigated underlying molecular mechanisms of interactions between specific microbes identified an antagonistic relationship between a putative pathogen and a common commensal of the sinonasal tract: C. accolens metabolism of human skin surface triacylglycerols led to the release of the free fatty acid oleic acid, inhibiting the growth of pneumococcus (78) . Similarly, numerous antimicrobial small molecules that are produced by bacteria in the skin microbiota (including S. epidermidis, which is also a common member of the sinonasal microbiota), altering cooccurrence and exclusion patterns, have now been identified (79, 80) . This suggests that species-level differences and interactions within the community may drive important changes of the community structure as a whole. Analyzing specieslevel community differences is not always accurate in next-generation sequencingbased studies, which reliably identify taxa only to the genus level. In a comparative study by Kaspar et al. (26) , sequencing identified a higher total number of phylotypes, but due to the limited resolution of 16S rRNA gene fragment sequencing identification, their culture-based approach identified more taxa down to the species level (26) . Microbial genetic potential and activity, virulence, and involvement in important disease-associated processes can vary markedly on the scale of species or even strain differences between bacteria of the same genus (81) . This offers a compelling argument for studies that combine molecular and culture-based approaches to more fully understand the complexity of bacterial community interactions both overall and at the bacterial species or strain level.
Biofilms. Biofilms are complex, multicellular assemblages that are largely comprised of a polysaccharide matrix that serves as a structural basis for microbial clusters and as a barrier to the surrounding environment (82, 83) . When free-swimming planktonic cells come into contact with a surface, rapid phenotypic changes and exogenous smallmolecule signaling drive the adhesion and coaggregation of microbes together with the secretion of the polysaccharide matrix that ultimately encapsulates the microbial cluster (84) . Living within biofilms offers protection from a wide array of possible threats, including phagocytic cells, predatory amoebae, bacteriophages, surfactants, and antimicrobials (83, 85) . Biofilms can lead to a reduction in complement activation and susceptibility to phagocytosis by host immune cells as well as resistance to humoral aspects of the immune system such as endogenous antimicrobial peptides (83) and may by some measure be the preferred state of bacteria in the human body (86) .
In the context of CRS, specific taxa identified in bacterial biofilms include P. aeruginosa, S. aureus, coagulase-negative staphylococci, H. influenzae, Enterobacter spp., Proteus mirabilis, Hafnia spp., Acinetobacter spp., and Streptococcus pneumoniae (87) (88) (89) (90) . In a number of these studies, several taxa were concurrently associated with biofilms, highlighting the likelihood of polymicrobial biofilm formation. Furthermore, fungal biofilms have also been identified in CRS patients (91) , as have increased rates of fungal elements in bacterial biofilms in patients with allergic fungal rhinosinusitis (AFRS) and eosinophilic mucin CRS (92) , suggesting a multidomain dimension to biofilm activity in CRS. Importantly, both multispecies and multidomain polymicrobial biofilms can exhibit properties and interactions distinct from those of single species alone (93) . These factors can include changes in morphology, the production of antimicrobials, protection from antibiotics, improved attachment due to coaggregation, competitive exclusion for binding sites, effects on the production of virulence factors, and changes in nutrient availability (93) . Each of these modulating factors could markedly influence microbial community dynamics.
However, comparable rates of biofilm identification in CRS patients and healthy controls bring into question the role of biofilms in CRS (87, 88, (90) (91) (92) (94) (95) (96) (97) . As noted above, it is also increasingly understood that biofilms likely represent the predominant mode of existence of microbes in the environment. This suggests that the presence of a biofilm or biofilm-forming capacity does not necessarily imply a direct association with the disease process. A mechanistic link that distinguishes the role of biofilms in CRS from their comparable presence in healthy controls has been sought. Increased rates of S. aureus biofilms in particular, together with their superantigens, have been identified in CRS subjects compared to controls (98) . In CRS patients, biofilms tend to colocate with a disruption of the epithelial barrier and associate with an increased presence of T cells and macrophages (97) . This offers a compelling explanation for why the presence of biofilms alone is not closely associated with inflammation in the sinonasal tract: a disrupted epithelial barrier may also be required for biofilms to drive the increased inflammatory response. An alternative argument for a role of biofilm formation in CRS suggests that the first point of formation is binding to mucin. MUC gene expression levels were significantly elevated in CRS subjects who had biofilm formation in comparison to those who did not (99) . Importantly, it remains to be seen whether biofilms in CRS directly drive disease and an aberrant inflammatory response or whether CRS disease processes drive the inflammatory response, epithelial barrier breakdown, and increased MUC expression in parallel.
While the direct role of biofilms in CRS remains unclear, subjects who have biofilm formation also tend to have a worse prognosis, are more likely to have poorer outcomes postsurgery, and exhibit an increased immune response when biofilms are associated with the disrupted epithelium that is ubiquitous in CRS-afflicted mucosa (87, 89, 95, 97, 100) . The search for an effective treatment modality addressing the possible involvement of biofilms in CRS remains an ongoing effort (100).
The dysbiosis hypothesis. While a few associations of microbes with CRS are beginning to emerge, intersubject variation, regardless of health status, is often more prominent than specific associations with disease (26, 29, 40, 42) . Increased variability has been observed, as is particularly true of CRS subjects, suggesting a general process of imbalance, or dysbiosis, in their bacterial community structures. This dysbiosis may be an important mediator of the disease process (40) . Furthermore, as noted above, each of the above-described hypotheses likely involves intertwined processes that reflect overall changes in the microbiota, which may arguably be best understood under the umbrella of the dysbiosis hypothesis. Dysbiosis and instability in the community as a whole are likely reflected in the dominance of particular microbes (singlepathogen hypothesis) or clusters of microbes (cooccurrence hypothesis), intramucosal invasion and persistence (intramucosal hypothesis), or changes in the membership and activity of the biofilms present.
In contrast to standard single-agent models of pathogenicity, a shift away from the normal "recognized" microbial and molecular milieu in the sinonasal tract toward an unbalanced community may in itself drive an exacerbated and ongoing inflammatory response. It remains unclear whether community shifts and increasing dysbiosis might directly drive the initial etiology or subsequent exacerbation of the disease or if they are merely benign reflections of the changing microbial habitat as a result of the disease. Nevertheless, the loss of epithelial barrier integrity that results from progressive inflammatory disease facilitates further exposure to the environmental stimuli within the sinonasal tract, including fungi, viruses, bacteria, and their metabolic products, which may further drive the inflammatory disease (16, 101) . Thus, even in the event that CRS proves to be a chiefly immune-mediated disease, the microbial milieu may be important in exacerbations and the progression of the condition, even if it is not primarily responsible for the initial etiology.
FUNGI
The involvement of fungi in rhinosinusitis is divided into invasive forms, including variants of acute, chronic, and granulomatous invasive fungal rhinosinusitis, and noninvasive forms. Acute invasive forms tend to be found in immunocompromised patients, while chronic and granulomatous forms are usually found in a background of immunocompetence. While the latter two are chiefly treated with systemic antifungals, acute invasive fungal rhinosinusitis additionally requires the recovery of immunocompetence (5). Invasive forms are considered independent entities of rhinosinusitis and are thus typically excluded from considerations of fungal involvement in idiopathic CRS more generally. However, there is a long history of research into the putative noninvasive roles of fungi in idiopathic CRS.
Early Studies and the Ponikau Hypothesis
The earliest reports of fungal rhinosinusitis described an infectious disease process associated with Aspergillus and identified by the presence of eosinophilic mucin together with fungal hyphae (102, 103) . Initially known as aspergillosis or allergic aspergillus sinusitis, this disease included cases of benign fungal balls as well as debilitating cases of necrotizing cavitary granulomatosis (102). Subsequent diagnostic criteria specified AFRS in much the same terms as other forms of eosinophilic rhinosinusitis-sinusitis of one or more paranasal sinuses; eosinophil-rich mucin; and the absence of invasive fungal disease, immunodeficiency, or diabetes-with the addition of a positive fungal stain or culture (104) . Comparable criteria largely stand to this day (105) . Following the establishment of diagnostic criteria for AFRS by DeShazo and Swain (104), early culture methodologies identified fungi in approximately 7% of CRS subjects (106) . Using highly sensitive fungal collection and culturing techniques, Ponikau and colleagues (107) subsequently identified fungi in 93% of CRS patients in a large cohort. This led to the proposal that most cases of CRS are mediated by fungi (107) . However, similarly comprehensive culturing techniques later showed comparable rates of the presence of fungi in both CRS subjects and healthy controls (106) . Furthermore, in a neonatal study, nasal mucus specimens from 94% of subjects were positive for fungal cultures within the first 4 months of life, suggesting that fungi are a normal constituent of the sinonasal tract (108) . Together, these findings challenge the suggested key role for fungi in the majority of CRS cases.
The Aberrant Immune Response Hypothesis
Given similar rates of detection of fungi in CRS patients and healthy subjects, it was proposed that hypersensitivity to fungi due to the state of the host's immune system may distinguish individuals who develop disease from those who do not (109) (110) (111) (112) . One supportive study found significantly increased immune and inflammatory responses in peripheral blood mononuclear cells cocultured with Alternaria antigens in the majority of CRS subjects compared with the responses of healthy controls (109) . Other research efforts and reviews have in turn both implicated and ruled out fungusspecific immune responses as uniquely defining AFRS as being distinct from CRS (107, (113) (114) (115) (116) (117) (118) (119) .
Proposed Mechanisms of Action
Fungal protease activation of epithelial cells can elicit increased inflammatory cytokine production and the subsequent migration of inflammatory cells (120, 121) . Similarly, coculture of human eosinophils from healthy individuals with the common environmental airborne fungi Alternaria and Penicillium can induce exocytosis in cells from normal individuals and general activation of eosinophils (122) . This highlights one possible mechanism by which fungi could drive eosinophilic inflammatory cascades such as those seen in cases of eosinophilic CRS. An effect of fungi on epithelial barrier integrity has also been investigated. Epithelial cell cultures from AFRS cases show increased permeability and alterations of the expression of intercellular junction proteins in comparison to controls (123) . However, increased epithelial barrier permeability is a feature of CRS regardless of a suspected role of fungi (124) .
An interactive role of fungi and bacteria has also been suggested. Synergistic interactions between C. albicans and a diverse range of bacteria, including Streptococcus sanguinis, Streptococcus salivarius, Streptococcus mutans, S. mitis, Fusobacterium nucleatum, and Actinomyces viscosus, have been noted (125) . S. aureus has been identified significantly more often in AFRS subjects than in non-AFRS CRS subjects (126) . The presence of fungi may aid in the establishment and growth of this bacterium in AFRS patients: adhesion of S. aureus to C. albicans hyphae may enable intramucosal invasion (71, 72, 93, 125, 127) . In contrast, antagonistic interactions between P. aeruginosa and fungi, including C. albicans, Scedosporium aurantiacum, and Aspergillus fumigatus, have been well documented (128) (129) (130) (131) and reflect a further aspect in which interactions between particular fungi and bacteria present in the microbiota can shape the microbiota as a whole. Additionally, other factors that also affect cooccurrence patterns might be considered. Antibiotic treatment has previously been described as a risk factor for fungal outbreaks and disease (132) . In CRS specifically, patients who are most at risk for AFRS include those patients with a recent history of corticosteroid or antibiotic treatment (102) . Antibiotic-resistant strains of S. aureus may also flourish in a community under the effects of antibiotics that are otherwise effective against many other bacterial community members.
A New Perspective: the Sequencing Era
Few studies have investigated the fungal communities of the sinonasal tract by using molecular techniques. This highlights an important dearth in our microbial understanding of CRS. Two studies have confirmed that fungi are ubiquitous in both CRS patients and control subjects and that the fungal portion of the sinonasal microbiota is markedly more diverse than previously appreciated (35, 133) . Interestingly, both of these studies found little meaningful difference between fungal communities of CRS patients and those of control subjects. However, the dominant fungi in each study were different. Cryptococcus neoformans var. neoformans dominated fungal communities in a study by Aurora et al. (35) . Malassezia spp. were also ubiquitous in CRS and control subjects but at a much lower relative abundance. In contrast, the genus Malassezia was both the most prevalent, found in all subjects, including controls and CRS patients, and the most abundant fungus in a study by Cleland et al. (133) . The prevalences and relative abundances of other fungi were also markedly different between the two studies. Predominant fungal taxa in CRS patients and controls in the former study included C. neoformans, Rhodosporidium diobovatum, Davidiella tassiana, and two Malassezia species (35) . In contrast, in the latter study, the genera Malassezia, Calicium, Neocosmospora, Fusarium, Saccharomyces, Aspergillus, and Scutellospora were predominant (133) . It remains unclear whether the contrast in these findings is due to differences in the technological approaches used or whether it is instead reflective of the confounding geographic influence of fungal dispersal and human exposure. Of note, Alternaria and Aspergillus (the two fungal taxa previously most commonly associated with CRS on the basis of data from culture-based studies) were found only at low relative abundances when they were present in either of these culture-independent studies, questioning their putative significance in the pathogenesis of CRS.
Ultimately, the specific allergic role, and the more general role, of fungi in CRS has more recently been viewed as being secondary to the primary disease process (134, 135) . Nonetheless, with few sequencing-based studies to date, a great deal more needs to be understood about the presence and possible role of fungi in CRS. For example, it remains unclear whether detected fungi are active, colonizing members of the microbiota or merely transient environmental stimuli. Fungal spores are ubiquitous in the air that we breathe, and so the upper respiratory tract is continually exposed to these spores. Gene-targeted sequencing is unable to distinguish between fungal DNA present as transiently passing spores and that present as an actual colonizing member of the mucosal microbiota. Metatranscriptomics (discussed below) is a more appropriate technique for answering the question of whether fungi in the upper respiratory tract are passive (but nonetheless still potential environmental stimuli) or active members of the microbiota.
VIRUSES
Viruses are a key causative factor of acute rhinosinusitis (ARS), while acute bacterial rhinosinusitis (ABRS) is a complication of ARS in Ͻ2% of patients (2) . Viral ARS and ABRS are clinically indistinguishable, hampering differential diagnosis efforts (with delineation generally being done solely on the basis of the time course of symptom presen-tation) (5). Thus, it remains unclear whether ABRS or CRS represents a temporal continuation of viral ARS or a distinct condition that presents similarly to ARS in the initial stages.
The potential means by which viral activity might influence the development or progressive course of CRS are manifold. Ex vivo studies of mucosal tissue have shown that once an individual is infected, rhinovirus infection can be linked with exacerbations of CRS, including increased bacterial adhesion; increased susceptibility to secondary microbial infection (by bacteria, fungi, or other viruses) (136); reduction of epithelial barrier integrity (137) ; respiratory exacerbations (as in asthma, cystic fibrosis, and bronchiectasis subjects) (138-140) ; epithelial damage, including necrosis; ciliary dysfunction; and impairment of mucociliary clearance (141) and mucus overproduction (142) (143) (144) .
Current Knowledge on Viruses and CRS
The roles of a relatively small number of respiratory viruses have been the focus of research to date, and the limited number of studies investigating specific virus associations with CRS present contradictory results. One of these studies found that human rhinovirus was the only virus that differed significantly between CRS patients and controls (145) . While an additional study identified an increased presence of virus in CRS patients compared to controls, this was not associated with one particular virus, and there was no association with disease severity scores (146) . Another study identified 8 distinct human rhinovirus strains in CRS, 4-fold more than those seen in controls (147), suggesting that strain-level variation may play a role in either the risk of the initial development of CRS or exacerbation events. Rhinovirus infection can alter both inflammatory signaling and gene and protein expression of remodeling factors (148, 149) , indicating a potential link with the ongoing disease processes of CRS. Alternatively, cell cultures from CRS subjects with nasal polyps have been found to be no more susceptible to rhinovirus infection than those from controls (150) , calling into question the hypothesis that increased rhinovirus susceptibility and subsequent infection may be linked with the initial development of CRS. While targeted assessments of common respiratory viruses have identified viruses in CRS subjects with various frequencies, these viruses have also been observed in nonrhinosinusitis controls (145, 151, 152) , leading to the question of whether the viruses studied play any more of a significant role in CRS disease processes than in the general population.
The Missing Viral Diversity
As with the transition from culture-based to culture-independent assessments of bacterial and fungal communities, technological developments mean that we are on the brink of a new, and increasingly complex, understanding of the virus diversity associated with the sinonasal tract. Bacteria and fungi each contain taxonomically useful genetic regions (16S rRNA and 18S rRNA, 26S rRNA, and internal transcribed spacer regions, respectively), enabling gene-targeted sequencing. Viruses, however, lack such a prospective panviral genetic target. Instead, our understanding of virus associations with the human body has been based largely on techniques that require a priori knowledge of genetic targets of specific viruses of interest. Our understanding of the viral component of the human microbiome in many cases remains akin to the culture-era view of the bacterial and fungal components of the community, likely a significant underestimation.
Metagenome studies do not target specific genes but instead indiscriminately sequence all DNA or RNA in a sample and represent an equivalent transition for our understanding of viral communities as the advent of next-generation sequencing techniques has done for bacterial and fungal communities. Early studies indicate that the virus diversity associated with all environments, including the human body, is vastly more complex than previously appreciated (153, 154) . For example, a diverse range of viruses, including many strains across 39 different species, have been identified in nasopharyngeal aspirate samples (155) . As with bacteria and fungi, it is increasingly understood that viruses are likely to be ubiquitously present in mucosal sites and also to play important commensal roles as resident members of our microbiota (153, 154) . Thus, the true complexity and role of viruses likely remain markedly underappreciated. Beyond simply infecting host cells and driving cytolysis, both favorable and pathogenic interactions may result from the variety of ways in which viruses can influence not only our own cells but also the other members of our microbiota. Bacterium-infecting viruses (bacteriophages) are thought to comprise the vast majority of viruses associated with the human body (156, 157) . The incorporation of viral genetic elements into both our own chromosomes and those of our resident microbiota can influence gene and protein expression, with both negative and positive potential roles in human health and disease. Community dynamics can be markedly influenced via conferring a competitive advantage or disadvantage through direct killing and encoding of toxin production as well as through altering infected-cell cellular mechanisms, gene and protein expression, microbial resilience to disturbance, and immune evasion. Furthermore, viruses play an important mediating role in horizontal gene transfer of genetic elements, including antibiotic resistance genes (153, 154, (158) (159) (160) . The potential for viruses to influence our microbial community is of great interest for the understanding of the ecology and dynamics of our resident microbes more generally and is also garnering increasing interest as a therapeutic option for targeting specific pathogens or modifying the community structure via the administration of specific bacteriophages (161) (162) (163) .
CLINICAL IMPLICATIONS
In standard practice, CRS is initially treated medically, usually with combinations of systemic or topical corticosteroids and antibiotics, which in many cases can go on for years (6) . When medical management fails to bring about sufficient improvement, endoscopic sinus surgery is performed to remove inflamed tissue and open up sinus ostia, reestablishing the airway, relieving sinus obstruction, as well as allowing in-office debridement and improved postoperative delivery of topical medications and irrigations (5) . With the microbiological picture of CRS becoming more complicated in recent years, we consider the clinical implications of where our knowledge currently stands. In particular, we discuss the effectiveness of current treatment approaches and their impact on mitigating or exacerbating CRS (Fig. 4) . We also explore the available alternatives.
Antibiotic Use in CRS
In 2003, rhinosinusitis was the single most common indication for antibiotic use in the United States, accounting for 15% of all broad-spectrum antibiotic prescriptions (approximately 8 million prescriptions) (164) . Furthermore, antibiotics accounted for the greatest proportion of medical expenses associated with the treatment of CRS (12) . There remains little indication that this usage has changed: in 2013, CRS remained the primary diagnosis that accounted for the most outpatient prescriptions for antibiotics (Fig. 5) (165) .
While antibiotics remain the most common treatment for CRS, there is surprisingly little evidence to support their efficacy, and antibiotics are not routinely recommended by several clinical guidelines (2, 7, 12, 15, (166) (167) (168) . A small number of studies have suggested that long-term treatment (3 months) with macrolide antibiotics may be effective, particularly in patients with normal serum IgE levels (169) . However, macrolides also possess anti-inflammatory properties, including suppression of cytokine signaling, downregulation of prolonged inflammation, alteration of chemotaxis, activation of neutrophils, and reduction of reactive oxygen species production (2, 170). Thus, the observed effect on CRS may be due to the anti-inflammatory rather than antibiotic activity of macrolides. Due to a paucity of evidence supporting the efficacy of antibiotics for the treatment of CRS and concerns about the increasing development of antibiotic resistance, antibiotics are ideally reserved for cases in which known pathogens have been linked with symptomatic signs of bacterial infection, such as purulent mucus discharge, localized pressure or pain, or fever (2, 7). Even in these cases, such symptoms are not reliable predictors of either a specific bacterial infection or a likely benefit of antibiotic treatment (167) .
Nonetheless, antibiotic administration remains widespread practice for the management of CRS. For those patients who ultimately progress to surgery, almost all of them will have been prescribed multiple courses of antimicrobials. More than 90% of the courses of medical therapy given to CRS patients before surgery include courses of systemic antibiotics and topical corticosteroids (171, 172) . Furthermore, at the time of CRS diagnosis, patients have increased rates of associated premorbid diagnoses, including anxiety, headaches, gastroesophageal reflux disease, sleep apnea, and acute infections of both the respiratory tract and other sites (173) . Often, this results in an
Primary diagnoses for adult outpatient visits resulting in antibiotic prescriptions. ARTI, acute respiratory tract infection. *, other respiratory diseases include tonsillitis/adenoiditis, laryngitis/tracheitis, deviated septum, peritonsillar abscess, allergic rhinitis, adenoid/tonsil hypertrophy/vegetations, pneumonia, influenza, emphysema, asthma, bronchiectasis, extrinsic allergic alveolitis, chronic airway obstruction not otherwise specified, pneumoconiosis, pleurisy, pneumothorax, lung/mediastinal abscess, pulmonary congestion/hypostasis, postinflammatory pulmonary fibrosis, other alveolar diseases, other parieto/pneumopathies, sclerotic lung disease, acute chest syndrome, lung involvement in other disorders, and other respiratory diseases. (Adapted from reference 165 with permission of Elsevier.) increased use of antibiotics and steroids. In the case of antibiotics, this translates to roughly twice as many prescriptions in comparison to those of the general population prior to the initial diagnosis of CRS (173) .
Efficacy of Antibiotics for Treatment of CRS: Clinical Trials and Systematic Reviews
One systematic review of clinical trials of antimicrobials for the treatment of CRS found limited evidence for the efficacy of topical antibacterials, and those authors recommend against their general use (174). Of note, this review found that the best evidence in support of antibacterial use was limited to postsurgical patients and culture-directed therapy, suggesting a possible beneficial role in targeting aberrant bacterial community structures postsurgery. Similarly, a more recent evidence-based review of topical therapies for the treatment of CRS supported the use of saline irrigation and nasal steroid therapy but specifically recommended against topical antifungals and topical antibiotics delivered via nebulizers and spray techniques (175) . Research on topical antibiotics delivered by other means remained insufficient for a meaningful assessment. Another comprehensive review found only low-level evidence for an improved quality of life with antibiotic use, particularly in the case of culturedirected antibiotics. Studies with higher-level evidence found no difference between antibiotics and saline rinsing alone (176) . Of note, in the 50 years preceding the 2008 review by Lim et al. (174) , only 7 controlled trials (5 double blind and randomized) of topical antimicrobial use for the treatment of CRS had been conducted. Most recently, a further systematic review by Orlandi and colleagues (5) again noted a lack of enough robust studies to determine the efficacy of many delivery forms of nonmacrolide antibiotics in the treatment of CRS (while macrolide antibiotics are given the recommendation of optional). Where there was adequate evidence to establish recommendations (topical antibiotics for CRSsNP and oral nonmacrolide antibiotic courses of Ͻ3 weeks for CRSwNP), the evidence supported a recommendation against these therapeutic options.
Antifungals, Antivirals, and Bacteriophage Therapy
Antifungals. Antifungals are now recognized as being ineffective treatments for the management of CRS, whether or not fungi are thought to play a role in the case being treated (105, 135, 175, 176) . A meta-analysis of data from double-blind randomized control trials of antifungals for the treatment of CRS found no significant benefit of either systemic or topical antifungals (177) . On account of these findings, together with reported side effects of systemic antifungals, such as renal and hepatic toxicity, antifungals are not advocated for the general treatment of CRS outside known cases of AFRS (5, 178) .
Antivirals. On account of inconclusive findings in studies on the role of viruses in CRS to date, there remains little research on the usage or potential benefit of antivirals for the management of CRS. Given the above-noted limitations of our understanding of the true complexity of the viral members of our associated microbiota, this remains an open discussion and may yet become a viable area of therapeutic interest should a clearer role of viruses in CRS emerge.
Bacteriophage.
While not yet applied to the context of CRS, interest in the potential applications of bacteriophage therapy has recently reemerged and may soon represent an additional option for targeted treatment of putatively pathogenic bacteria associated with disease. Bacteriophage therapy involves the administration of highly selective bacterium-targeting viruses (often targeting specific bacterial strains) with the aim of attacking only the disease-causing bacteria of interest (161) . With more selective targeting of particular bacteria than with traditional antibacterials and reduced concerns of the development of antimicrobial resistance, bacteriophage therapy represents an attractive alternative as a bactericidal treatment for disease. This has been of increasing interest for P. aeruginosa-associated exacerbations in cystic fibrosis patients, for example (162) . Furthermore, a promising initial trial in a murine model showed reductions in bacterial loads and inflammation in treated mice (163). However, progress toward possible widespread clinical applications of bacteriophage therapy remains in its early stages and also includes regulatory hurdles that are not inconsiderable (179, 180) .
Are Antibiotics Appropriate for General Treatment of CRS?
It is important to clarify the effectiveness of antibiotic treatment for CRS in order to limit unnecessary or unhelpful prescribing patterns. Importantly, many microbially oriented treatment approaches for CRS have failed to consider the microbial component of CRS at the complex community ecology level. Standard antimicrobial treatment modalities address specific microbial infections and pathogenicity. Their role and effect may be quite different in complex diseases where no specific pathogenic agent has been identified but where imbalance, instability, or broader alterations in the normal commensal microbiota more generally may play a role in ongoing disease (181) .
A recurring theme in recent studies is the observation that shifts in the microbial (particularly bacterial) community structure are associated with CRS or subsets of CRS delineated on the basis of associated clinical parameters (29, 34, 40, 41) . These findings support the argument that changes in the microbiota in CRS patients are driven largely by the disease process and associated clinical factors. However, it remains unclear whether these associations play a role in the initial etiology or ongoing exacerbations and progression of CRS or whether they are driven by the environmental changes associated with the underlying disease process itself. Whether or not the initial etiology of CRS is microbiological in nature, the resultant changes to the microbial community structure may also feed back as an ongoing disease modifier.
Where there might be an antimicrobial effect, it also remains unclear what the direction of this effect may be. Antibiotic treatment that destabilizes the normal commensal microbiota may facilitate the dominance of antibiotic-resistant taxa. For example, one study showed that following antibiotic therapy, communities were often dominated by taxa that tended to be less susceptible to the prescribed antibiotics (39) . In an animal model, antibiotic treatment exacerbated, and to a large extent was required for, the CRS-mediating effect of C. tuberculostearicum (34) . Exacerbation following antibiotic treatment has also been observed elsewhere: in the cystic fibrosis lung, dominance by the bacterium Stenotrophomonas maltophilia was reduced in one patient, and diversity was increased with medical treatment, but following antibiotic treatment, dominance by S. maltophilia was restored (182) . Similarly, in both the cystic fibrosis lung and the sinonasal microbiota in CRS patients, antibiotic treatment has been identified as perhaps being the most powerful driver of microbial community change and has been associated with a decrease in community diversity. Both of these factors may predispose a patient to susceptibility to secondary infection (33, 183, 184) . For CRS, while one study found that bacterial diversity was significantly reduced following treatment, the shifts in the microbiota were highly individualized from patient to patient, and no single microbiota profile was apparent (39) . A similar variability was seen in a subsequent study: communities were different posttreatment but not in any consistent manner. In contrast to the study described above, culturedirected antibiotics led to increased diversity in the posttreatment group (185) . The cause of this disparity remains unclear. Culture-directed antibiotics may better target the aberrant aspects of a diversity-depleted microbiota during disease, allowing the more complex normal community structure to reestablish. Notably, both studies consist of only a few cases. Given the highly variable nature of the microbiota in CRS patients (29, 40, 41) , it is likely that many more subjects are needed to tease apart genuine associations between the dynamics of the microbiota, antibiotic use, and the underlying disease process.
Ultimately, if it is indeed the destabilizing nature of the disease that allows aberrant communities to take hold at the expense of the normal microbiota, we might reconsider the extent to which current treatment modalities could equally promote the dysregulation of the existing communities as much as they might inhibit diseaseassociated ones.
The Future of Targeted Treatment of the Microbiota in CRS
The controversial role of antibacterial treatment in CRS warrants investigations of alternative treatments and therapies for the management of aberrant microbiota. Therapies that reconstruct and stabilize the healthy microbiota may prove more effective. For example, the pattern observed by Abreu et al. (34) suggests a promising new approach to the treatment of CRS via probiotic manipulation of the microbiota: following prior antimicrobial bacterial depletion in a murine model, inoculation with C. tuberculostearicum via application to the nares and inhalation led to the development of CRS-like symptoms (goblet cell hyperplasia and mucin hypersecretion), while Lactobacillus sakei coinoculation mitigated this effect. Other studies have similarly entertained the idea of microbial community rehabilitation as a viable avenue for the treatment of CRS, identifying the inhibitory effects of both S. epidermidis and Corynebacterium sp. against S. aureus (23, 186) . Efforts aimed toward proactive restoration of the healthy microbiota remain promising avenues to explore. The potential of probiotic approaches for the treatment of CRS was extensively reviewed recently (187) .
A further understanding of the complexities of microbial communities associated with inflammatory diseases such as CRS is vital for clarifying the extent to which antibiotics are appropriate as a treatment recourse or whether other strategies of modulating microbial communities, such as targeted probiotics, will prove more fruitful.
Anti-Inflammatory Drugs and Biologics
While the role of antimicrobials in the management of CRS remains a contentious issue, the use and effectiveness of anti-inflammatory drugs continue to be a mainstay. Intranasal corticosteroids administered via standard delivery methods have been shown to improve subjective and objective disease measures in both CRSsNP and CRSwNP patients, and a recent systematic evidence-based review recommended their continued use as a key therapeutic option for the medical management of CRS (5) . Additionally, biologic therapies such as monoclonal antibodies (MAbs) that target specific inflammatory signaling molecules (for example, anti-IL-5 or antiimmunoglobulin E MAb) represent a further area of interest in the treatment of the inflammatory process underlying conditions such as CRS (188) (189) (190) . The complex heterogeneity of inflammatory processes underlying CRS (likely including mixed inflammatory types) remains a complication for such specific targeted approaches to treating underlying inflammatory processes (5) . However, an initial study of CRS highlighted anti-IL-5 MAb as a promising therapeutic option in cases of severe eosinophilic nasal polyposis (191) .
Importantly, for our purposes here, where the microbiology of CRS is the chief focus, if microbes play a role in the ongoing disease process, novel approaches aimed at modifying the microbiota to return to a healthy state may better address underlying causative mechanisms, while anti-inflammatory drugs may be limited to mitigating symptoms. However, given the broad changes in the microenvironment within the inflamed sinonasal tract, anti-inflammatory drugs and/or inflammation-mediating biologics may be equally fundamental, even in attempts explicitly aimed at remedying the microbiota, by enabling environmental conditions that are more amenable to a healthy microbial community. Ultimately, the inherent complexities of both the inflammatory processes underlying the ongoing pathophysiology of the disease as well as the dynamics of the associated microbial communities will likely demand a multifaceted approach to the clinical management of complex chronic inflammatory mucosal conditions such as CRS.
FUTURE DIRECTIONS
The advent of molecular microbiological techniques has enabled researchers to study in unprecedented depth the complex microbial communities, and their functional capabilities, that inhabit the human body. Large-scale projects, such as the Human Microbiome Project, describe both microbial diversity and function across a wide range of body habitats and provide attractive avenues for potential research and clinical studies (192) . In what follows, we introduce the wider context within which CRS research fits, among other human studies regarding the role of host-associated microbial communities in health and disease, and offer prospective ideas for future CRS research (Table 2 ). An overview of current approaches to assessing microbial community structure, capability, and function is presented in Fig. 6 and is described in detail below.
The Next Technological Frontier in Microbiological Research of CRS
Extensions of gene-targeted sequencing approaches. While the single-gene approaches discussed above offer insights into the taxonomic diversity of a community, they are relatively uninformative with respect to in situ functional capacity. Furthermore, highly variable taxonomic profiles in both CRS-affected and unaffected sinonasal microbiota make it difficult to distinguish microbial biomarkers of disease. Communitywide functional capability can be indirectly investigated by using computational approaches such as PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) (193) . The combined use of gene-targeted data and PICRUSt functional prediction software offers a preliminary look into the genetic potential of microbial communities and has successfully been applied in several gut microbiome studies to date (194) (195) (196) . Metagenomics. In contrast to the above-mentioned gene-targeted studies, metagenomic studies sequence total DNA within a sample, identifying the full genetic potential of the microbiota associated with health and disease and providing increased resolution of all microbial members of a sample (bacterial, fungal, viral, and archaeal), potentially distinguishing between individual strains (197) . Metagenomics has been successfully applied to a wide variety of host-associated environments, especially gut microbial communities (192, (198) (199) (200) , and non-host-associated environments, including soil and water (201, 202) . However, to date, there are no published metagenomic studies of the sinonasal microbiota. Recent pilot metagenomic studies have identified the difficulty in applying this technique to the system of CRS, where sampled DNA is overwhelmingly dominated by contaminating host DNA (Ͼ99%), leaving little sequencing information on the associated microbial community (B. Wagner Mackenzie, unpublished data). Nonetheless, the application of metagenomic sequencing to identify functional capacity, strain-level differences in composition, and the contribution of microbes to the pathogenesis of CRS represents the next logical step for research and may provide invaluable insight into the disease process of CRS and avenues for the development of novel approaches to treatment.
Metatranscriptomics. Where gene-targeted sequencing elucidates microbial community composition and metagenomics identifies community-wide functional potential, metatranscriptomics offers a picture of in situ microbial activity. Sequencing of community RNA, in contrast to DNA, provides information regarding transcription levels of genes and a snapshot of total community activity (203) (204) (205) (206) (207) . Metatranscriptomics, in conjunction with community structure data, can track whether shifts in community composition are associated with the differential expression of microbial genes in healthy and diseased individuals, which may better represent and explain functional differences related to disease. In one study, the application of metatranscriptomics to periodontal disease identified conserved changes in microbial community metabolism associated with this disease, against a background of high interpatient variability in community composition (205) . Furthermore, metatranscriptomics can be used to track the microbial response to antibiotics and host-targeted therapies (207) . Metatranscriptomics has already been successfully applied to other human microbiome fields, including gut, oral, and vaginal microbiomes (203, (205) (206) (207) (208) . Additionally, recent studies have begun to highlight the importance of distinguishing between live, active members of the microbiota and the remains of dead microbes that may still be identified by gene-targeted approaches (209, 210) . While both are relevant to the dynamics of the microbial community and interactions with the host system, each will play distinct ecological roles. Metatranscriptomics studies can offer further insight into this largely unknown factor of microbiota community dynamics and its potential roles in inflammatory disease.
Metaproteomics. While examination of transcribed RNA can elucidate microbial activity in situ, actual interactions within the microbiota, and between the microbiota and host tissues, take place on the level of the proteins subsequently translated. Metaproteomics typically employs mass spectrometry to examine the proteins present at any given time within a microbial community (211) (212) (213) (214) . This provides a direct picture of microbial activity and interactions as well as the potential for the identification of protein biomarkers of disease. In combination with metatranscriptomics, disparities between transcribed RNA and proteins present in a sample can also provide valuable insight into posttranslational processes in microbial communities. Metaproteomics has been successfully applied to a diverse range of microbial communities, including those associated with the human gut (215, 216) , irritable bowel syndrome and Crohn's disease (217, 218) , human saliva (219) , and the open ocean (220), shedding light on biomarker protein profiles in disease, translational regulation patterns, bacterial interactions, and bacterial metabolism, including changes in nutrient utilization and energy transduction.
Metametabolomics. Representing the final layer in the biological system, metabolomics examines both endogenous and exogenous small-molecule metabolites. Sub-sequently, metametabolomics involves the study of all metabolites within a given sample (including microbial communities) and can provide insight into finer-scale metabolic interactions within the microbiota as well as molecular modifiers important in both healthy and disease states (196, (221) (222) (223) . Metametabolomics has already been applied in studies examining the influence of the microbiota on host metabolism (224, 225) , the presence and importance of immunomodulatory microbiota-derived metabolites such as short-chain fatty acids in circulation within the host (226) , and changes in xenobiotic metabolism (196, 227) and represents a logical next step in efforts to better understand the finest-scale processes taking place within the microbiota of individuals with inflammatory mucosal conditions such as CRS.
Ultimately, accurate modeling of human-associated microbial communities requires a cross-disciplinary approach that includes longitudinal studies of genetic, immunological, environmental, and microbiological facets. The use of gene-targeted sequencing, metagenomic, metatranscriptomic, metaproteomic, and metametabolomic techniques together offers an integrated approach to help elucidate the role of microbial communities in inflammatory diseases such as CRS. High-throughput next-generation sequencing techniques have dramatically improved our understanding of the role of microbes in other sites of the human body. These studies can help to serve as a guide for future CRS research with the overall aim of establishing predictive models of CRS-associated microbiomes and individualized, targeted treatments (228) (229) (230) . Identifying trends in the structure and function of CRS-associated microbiota may provide further targets for therapies and treatments that address the causative mechanisms of disease rather than secondary symptoms and comorbidities alone.
SUMMARY AND CONCLUDING REMARKS
Despite considerable research over the last few decades, the role of microbes in CRS remains unclear. In part, this has arisen due to a lack of consensus between studies, with numerous examples of either opposing findings or a complete lack of evidence to implicate specific bacterial associations with CRS. Additionally, results from nextgeneration sequencing studies suggest that numerous bacteria commonly thought of as being pathogens and previously thought to be associated with the inflammatory process of CRS are also characteristic constituents of the complex polymicrobial communities associated with the healthy human mucosa. In contrast, recent studies that better capture the full complexity of the microbial communities associated with CRS reintroduce the possible importance of the microbiota either as a direct driver of the disease or as potentially being involved in its exacerbation. Nonetheless, a great deal remains to be understood.
The clinical implications of clarifying the role of the microbiota in CRS are manifold. Antibiotics remain a mainstay of the treatment of CRS at a significant cost to the health care system and with a risk for the further development of antimicrobial resistance, and yet the nature of the involvement of microbes in CRS remains unclear. Moreover, the efficacy of antibiotic treatment of CRS remains unknown, and antibiotic treatment could in principle act as an exacerbating factor if microbial dysbiosis proves to be an important facet of the pathophysiology of CRS.
It is increasingly apparent that there is a need to progress beyond simplistic models of traditional single-agent pathogenicity and instead embrace multifaceted perspectives that retain the inherent complexities of both the microbial and host systems and examine the dynamic ecological interactions within and between these two systems across space and time. Untangling the web of interactions between microbial communities and the host mucosa in the inflammatory disease process is vital for a better understanding of the progression of the pathophysiology of this disease. In this respect, recent technological advances in molecular microbiology will continue to offer new perspectives on many poorly understood diseases. An interdisciplinary approach is vital to further our understanding of diseases as multifaceted as CRS and may highlight key facets toward which targeted therapeutic efforts can be focused.
